Maxillary Expansion Methods

Orthodontic Approaches
Orthodontic treatment alternatives are intended for the patients at developmental age of an intensive bone growth. The most commonly used orthodontic maxillary expansion methods include slow orthodontic (maxillary) expansion (SOE, SME) and rapid palatal (maxillary) expansion (RPE, RME) [9] .
The orthodontic maxillary expansion utilises different appliances (expanders) as a source of pressure force. There are three main types of bonded appliances used for maxillary expansion: baseplate appliance with a midline expansion screw, thick-wire appliances such as W-arch appliance (Feder), bi-helix expander, NiTi expander and Hyrax screw expanders (Hass or Biederman appliance). They work on a roughly similar principle. The pressure force originating from the expansion screw and/or springs is transduced onto the premolars and molars, and eventually -the mid-palatal suture. The expansion screw appliances can be used both for the rapid palatal expansion (RPE) and slow orthodontic expansion (SOE). However, the thick-wire appliances are intended for free expansion only and their various modifications are very common nowadays [5, 10, 11] .
There are tooth-borne, tooth-tissue-borne and bone-borne maxillary expanders. Two first groups are jointly referred to as tooth-anchored maxillary expansion (TAME). The third one belongs to the category of bone-anchored maxillary expansion (BAME). The first group involves rigid appliances whose force is generated by the screw (Hyrax appliance) and flexible appliances whose force is generated by the thick arch wires (Bi-helix, Quad-helix). The tooth-tissue-borne expanders are made of acrylic. The force is generated by the screw, and the anchor, which can be either limtreated, maxillary constriction may not only lead to malocclusion and aesthetic defects. More serious sequelae involve ENT disorders, nose breathing problems and sleep apnoea syndrome. The estimated prevalence of maxillary constriction in Europe ranges between 13% and 23% [1] .
Therapeutic strategies used in the management of transverse maxillary deficiency belong to three different approaches: orthodontic methods (SOE -slow orthodontic expansion or SME -slow maxillary expansion, RPE -rapid palatal expansion or RME -rapid maxillary expansion), surgically assisted orthodontic methods (SARPE -surgically assisted rapid palatal expansion or SARME -surgically assisted rapid maxillary expansion) and surgical methods (TPD -transpalatal distraction, LFI -E-segmented Le Fort I osteotomy with expansion) [2] . The choice of the appropriate method should be based on several factors, including patient's age, severity of deficiency, the expertise of the therapeutic team as well as patient's expectations and attitude.
The published data does not determine a conclusive age limit, when the orthodontic maxillary expansion is effective and safe. Clinicians experienced in treating maxillary constriction suggest 14-18 years of age as the upper age limit for orthodontic management. At a more advanced age, in adults treated with rapid palatal expansion (RPE), the risk of dento-periodontal complications and the recurrence of anomaly increases significantly [3] [4] [5] [6] [7] [8] . The complications may include alveolar process atrophy, especially on the buccal side, root resorption, gingival recession, buccal inclination and extrusion of teeth affected by the pressure force of the appliance screw. In order to avoid treatment failure in adults, surgically assisted treatments were introduced, as well as bone-anchored, force-generating devices which do not adversely affect lateral teeth and periodontium. ited to tooth-bonded bands (Hamilton plate) or stretch from these bands onto the palate (Haas appliance), is made of acrylic [12] . The third group of bone-borne expanders includes all screw-based appliances, which are anchored to the palatal bone using orthodontic microscrews. The resistance of perimaxillary sutures limits the orthopaedic effect of the latter on the maxillary bone. The studies do not show differences between the toot-borne and tooth-tissue-borne appliances [13, 14] .
A typical Hyrax appliance has a screw along the mid-palatal suture with two 1.5 mm thick wires stretching out of it, which are bonded to the abutment teeth (usually first permanent molars and first premolars in individuals with mixed teeth or complete permanent teeth) with the rings. The rings on the abutment teeth are joined with the 0.7-0.9 mm thick wire welded onto them. Another alternative is Hyrax appliance with acrylic splints (used e.g. in individuals with primary teeth only or with early mixed teeth), which does not require rings and aims at reducing lateral teeth inclination [12] . After Hyrax appliance is fixed onto the teeth, the patient or his parents/carers are instructed how to activate it.
The rapid palatal expansion (RPE) involves screw activation by 0.5 to 1 mm on a daily basis. The most common expansion protocol involves expanding the screw by a quarter-turn twice daily, which translates into an expansion of 0.4 mm a day. Active treatment is continued until the desired arch widths and interarch relationships are achieved (approx. 2-3 weeks). A transverse force vector whose value ranges between 4.5 and 9 kg is applied onto the mid-palatal suture causing it to separate. A clinical manifestation of a rapid maxillary expansion is the occurrence of diastema. An active treatment phase is followed by the retention period of two-to-four months. During that period, the full-thickness bone tissue is formed between the separated palatal shelves.
Both Hyrax screw and Haas appliances induce wedge-shaped palatal expansion with anterior opening, where 50% of expansion affects the anterior and 36% -the posterior area [14] . It is a paradigm that the process can take place only in patients with incomplete palatal suture ossification. It is thought that the palatal suture is completely closed at the age of 15 and 16, in girls and boys, respectively [15] . However, there are also reports indicating that palatal suture ossification is complete by 13 years of age [14] .
Transverse maxillary expansion combined with maxillary protraction is one of the treatment approaches in skeletal class III malocclusion.
This type of deformity should be corrected as early as possible [16] ; therefore, Hyrax appliances should be used for palatal expansion in patients with mixed teeth. The treatment aims at expanding the midface, correction of a concave facial profile and crossbite (in lateral segments), as well as improving the overjet [17] . Unilateral crossbite may cause a functional shift, which becomes a habitual rest position. This impairs proper chewing function and induces temporomandibular joint problems. Early intervention enables proper positioning of mandibular condyles within the mandibular fossa, which will contribute to the normal growth and development [18] .
When used in patients after the growth and developmental phase, RME may lead to numerous complications. These include anchor tooth mobility, inclination and extrusion, thinning of the cortical plate in the alveolar processes, periodontal defects manifesting as gingival recession, dehiscence or clinical attachment loss, pulp vitality loss, palatal necrosis, pain and unstable treatment outcomes. The patients with gingivitis and inadequate oral hygiene are particularly susceptible to pathological mobility of the appliance-bearing teeth [15, 19, 20] .
That is why RME is considered an effective orthopaedic treatment only in growing patients with maxillary transverse deficiency. The main purpose of this expansion technique is to open the palatal suture which enables the formation of a normal, stable maxillary width. Furthermore, the rapid maxillary expansion has a proven beneficial effect on the volume and shape of the upper respiratory tract. The maxilla forms approx. half of skeletal structure of nasal cavity. As the palatal suture opens, the lateral walls of the nasal cavity are automatically pushed outwards which increases the nasal cavity volume. As a result, there is less resistance to the airflow in this segment of the respiratory tract. The improved breathing pattern positively affects the craniocervical junction, which has an abnormally large angular measurement in patients with respiratory dys- function. Further research is needed in order to confirm the stability of the observed treatment-induced changes [21] (Fig. 2-4) .
Another orthodontic approach using hyrax appliance is slow orthodontic (maxillary) expansion (SOE, SME). Treatment protocol in slow orthodontic expansion involves screw activation up to 1 mm each week, which generates a force of 900 to 200 g applied onto the midpalatal suture. The stage of active treatment is appropriately longer whereas the retention period lasts for 3 months. The majority of achieved expansion can be attributed to tooth and alveolar process tilt. The orthodontic to orthopaedic expansion ratio ranges from 6:1 to 10:1 [22] [23] [24] . Other authors report it to be 2:1 [25] . Therefore, the published data shows a significant discrepancy.
Recurrence, due to the palatal soft tissue flexibility and dentoalveolar inclination, may constitute 30-40% of the achieved expansion, so the therapy should aim at overcorrection (Fig. 5) .
In 1975 Rickets [26] presented maxillary expander resembling contemporary quadhelix. It was an alternative to hyrax appliance in cases requiring maxillary expansion and gave better results in individuals with early mixed teeth. It generated less force but of more physiological nature, which helped achieve more stable correction.
Modern quadhelix is a thick-wire appliance manufactured of 0.9 mm thick stainless steel wire. It consists of four ring loops and two arms supported on or close to the lingual surfaces of upper premolars. The entire structure is placed within the inner tubes, on the rings of the first maxillary premolars. Quadhelix appliances come in 5 sizes (1 do 5), whereas sizes 2 and 3 are the most commonly used [27] . They do not require additional procedures (e.g. taking dental impressions). Instead, they can be fixed and fully activated during a single appointment.
Quadhelix generates milder force than hyrax expander and the achieved expansion ranges between 0.4 and 1 mm. These appliances have more orthodontic (i.e. dentoalveolar) effect, the expansion progresses more slowly with the effect being visible in teeth posture. Fig. 4 . 35-year old woman with class II division 1 malocclusion with maxillary constriction treated with tooth borne Hyrax expander -RME method Bihelix expander is a simplified version of quadhelix, without the teardrop-shaped loops bonded to molars, which makes it easier to adjust the appliance in patient's mouth and offers improved comfort. According to Huyhn et al., [18] using bihelix appliance to for maxillary expansion by 5 mm is associated with the 25% recurrence at 2 years (Fig. 6) .
The non-surgical maxillary expansion in adults is widely debated in the literature. It is commonly thought that the palatal suture distraction is impossible once the growth and development period has finished. Surgical maxillary expansion is considered a treatment of choice in adults with jaw discrepancy [29] .
The non-surgical maxillary expansion in adults follows a different course to the one observed in patients at the active growth stage. In adult patients, the observed maxillary expansion is primarily associated with the buccal tilt of the alveolar processes and the resulting identical tooth tilt in the lateral arch segments. Alveolar process tilt starts approximately at the upper third of the palatal vault measuring from the palatal suture.
Biologically, orthopaedic maxillary expansion in adults is based on the occurrence of resorption areas on the palatal surface of the alveolar bone and aposition zones on its buccal surface.
It was shown that in children, 50% of expansion is manifested in the palatal suture, whereas the remaining 50% is manifested within the alveolar processes. This challenges the commonly held orthodontic conviction that maxillary expansion primarily involves the palatal suture [29] .
Independent studies by Iseri & Özsoy and Krebs [30] , who used metal implants in juvenile patients at the mean age of 14.5 years, showed that only 40% to 50% of expansion resulting from RME is of skeletal nature. They determined that the remaining expansion is manifested within the alveolar processes. The study by Handelman [29] on adult patients after surgically unassisted RME showed that the entire expansion was manifested within the alveolar processes.
Kartalian et al. [31] showed 2 mm of palatal suture expansion per every 5 mm of upper arch expansion in growing patients. Such conclusions Fig. 5 . 27-year old man with crossbite treated with tooth borne Hyrax expander -SME method support the use of RME in selected cases even after the end of growth period and may serve as a trigger to change attitudes and mindset.
Surgically Assisted Approaches
The general assumption of the surgically assisted approaches involves the elimination of bone resistance within the maxilla before orthodontic treatment is commenced. For SARPE/SARME therapies, teeth-anchored hyrax appliances are used. Maxillary and midpalatal suture expansion is achieved after previous surgical mobilisation and elimination of bone resistance by dissection followed by the subsequent gradual screw activation. In line with craniofacial architecture and biomechanics, the strongest midfacial bone resistance areas are located within the so-called Sicher pillars -canine pillar, zygomatic pillar and pterygoid pillar as well as the midpalatal suture.
The first stage of treatment involves a design and fixation of hyrax appliance on the patient's teeth. Afterwards, the patient is referred for the surgery.
The surgery is performed under general anaesthesia, after prior injecting a mixture of local anaesthetic and vasoconstrictive agents into the oral vestibular and palatal soft tissues. As a part of preferred strategy for perioperative infection prevention, an antibiotic is administered intravenously 30 minutes before surgical tissue dissection. The surgery is typically performed through either buccal sulcus approach or the upper labial frenulum approach. After the incision to the mucosal membrane, the inferior margin of the piriform aperture, as well as the anterior and lateral maxillary surfaces, are exposed (buccal sulcus approach). Next, the maxillary bone resistance is eliminated by cutting along the line that goes bilaterally through the piriform aperture (lateral nasal wall), anterior wall of the maxillary sinus, zygomaticoalveolar crest and the lateral surface of the maxilla (that is, along the LeFort I osteotomy line). After the incision to the mucosal membrane of the upper labial frenulum, the midpalatal suture is surgically separated and the mobility of both maxillas is controlled. During the surgery, the appliance is activated until the diastema of approx. 1 mm is achieved. Finally, the wound is sutured with 4.0 absorbable sutures. After the postoperative latency of 6-8 days, active treatment is commenced. The hyrax screw activation protocol involves expanding the screw by quarter-turn twice daily, which translates into an expansion of 0.4 mm a day. After the intended anterior and posterior width dimensions are achieved, the appliance remains in place as a part of retention for at least 6 weeks. Further orthodontic treatment may be commenced after the retention period ( Fig. 7-8 ).
Surgical Approaches
Surgical maxillary expansion is actually limited to two surgical techniques of segmented maxillary osteotomy and transpalatal distraction (TPD), and their modifications. The first of these methods enables increasing the maxillary transverse dimension and correction of maxillary posture in other planes at the same time. The surgery is performed after previous planning a new maxillary posture and a vertical plane's point of intersection on the plaster models. The surgical procedure involves performing a total maxillary osteotomy (Le Fort I) with down fracture, dissecting the hard palate and its fusion after new anatomical relationships have been established as planned. Segmented maxillary osteotomy is usually performed as a stage of a larger procedure aimed at correcting a complex skeletal deformity and is typically combined with some mandibular corrective surgery. The limitations of this method include: the insignificant expansion hindered by the palatal mucous membrane, which is not susceptible to stretching; a relatively complex surgical procedure, and the risk of recurrence unless there is a stable postoperative occlusion.
The second method is the transpalatal distraction (TPD) introduced by M. Mommaerts [2] in 1999 as a treatment of severe maxillary constriction in adults. The surgery is performed under general anaesthesia and the procedure itself involves all the stages mentioned previously for surgically assisted rapid palatal expansion (SARME) -a subtotal maxillary osteotomy (Le Fort I) and a separation of the midpalatal suture. However, unlike in SARME, the bone-anchored transpalatal distractor, a force-generating appliance is fixed perpendicularly to the midpalatal suture line for this procedure. The surgical treatment ends with the fixation of the distractor to the palate and its subsequent activation until approx. 1.0 mm wide diastema is achieved. During the postoperative latency period of approx. 7 days, the patient is instructed how to handle the distractor. The maxillary expansion protocol involves expanding the screw by quarter-turn twice daily (0.4 mm a day), until the desired arch widths and interarch relationships are achieved (Fig. 9-10) . 
Discussion
Maxillary constriction is clinically manifested as a narrow palate and a high palatal vault, a complete unilateral or bilateral crossbite and dark buccal corridors. Structural maxillary abnormality may also be associated with such functional impairments as food chewing disorder, nose breathing problems and a development of a mouth breathing habit.
According to Laptok [32] , a typical developmental maxillary constriction can be diagnosed based on the presence of a high palatal vault, a narrow palate and at least two of the following symptoms:
1. Progressively worsening nasal patency up to a complete stenosis, where nose breathing becomes impossible;
2. Nasal floor elevation; 3. Open-mouth breathing; 4. A complete bilateral crossbite with the high palatal vault;
5. Enlarged nasal turbinates, which impair nasal patency.
Obviously, not all clinical features of transverse maxillary deficiency are present in each case. Some of these traits may be more pronounced, whereas others are significantly less severe.
Transverse maxillary deficiency poses a significant challenge to orthodontic treatment. Orthodontic approaches aiming at buccal inclination are often insufficient as a stand-alone treatment to achieve stable occlusal relationships, which determine permanent therapeutic success. Most authors agree that the orthodontic treatments exert their dentoalveolar effect, whereas surgical approaches result in the actual increase of the maxillary bone base [2, 8, 9, 14, 17, 18, 27, 28] .
Midpalatal suture expansion by means of increasing the maxillary bone base and osteogenesis is an effective treatment of maxillary constriction.
All methods of SARPE/SARME and transpalatal distraction (TPD) are based on the theory of distraction osteogenesis (DO) as the main assumption for the increase of the maxillary bone base. In 1905, Codivilla was the first to describe the technique of lengthening long bones using distraction osteogenesis. The method was improved and popularized de novo by Gawril Ilizarov, the Russian orthopaedic surgeon, who in 1950 developed and applied biological assumptions of distraction osteogenesis to lengthen or reshape limb bones. His invention, currently known as Ilizarov apparatus, consists of several metal rings connected with rods and has been successfully used in orthopaedic treatment until now.
Distraction osteogenesis is a bone growth inducing technique, which involves a controlled, gradual stretching of the primary callus forming within the post-osteotomy bed. It is a four-stage process involving corticotomy (osteotomy), latency, distraction and retention. Within the first 5 days following corticotomy, the osteotomy slit is filled with a blood clot. Clinically, this period is equivalent to the postoperative latency. Next, at 5 to 7 days, the collagen fibres are formed, which grow into the osteotomy slit. The collagen fibres are parallel to the distraction vector. The proven distraction protocol involves expansion by 0.25 to 1.0 mm a day continued until the planned bone tissue increase is achieved. An active treatment is followed by the retention period essential for the newly formed osseous tissue to mature without the unwanted exposure to motion or weightbearing. The advantages of osteodistraction include osteogenesis and lengthening of the soft tissues by applying low force for some period of time [33] .
Surgical maxillary expansion may be a source of potential problems. Hence, some patients find it difficult to accept and consent to. The associated costs may pose the biggest problem. Furthermore, surgical treatment is always related to the risk of intra-and postoperative complications as well as simple postoperative inconvenience. Palatal distraction itself carries a risk of such complications as assymetrical expansion, clinical attachment loss on incisors, tooth loss due to necrosis, root resorption, osteonecrosis and soft tissue injury. The postoperative inconvenience includes oedema, pain, abnormal sensation, difficulties swallowing, breathing and speaking. Treatment-related work absenteeism may also be a problem. The distraction involves forming a large, unaesthetic diastema, which takes time to close. Some patients may find it frustrating and difficult to cope with [34] .
Both orthodontic and surgical maxillary expansion approaches can be effective and yield good outcomes. However, they should be used based on clear diagnostic standards. Surgery is intended for patients with confirmed skeletal maturity, where good outcomes of orthodontic treatment are relatively unlikely.
Orthodontic treatment is most effective at the developmental age and the best outcomes are achieved in individuals before the pubertal growth spurt. The choice of treatment approach depending on clinical indications determines the stability of outcomes and the overall therapeutic success. Many authors report the loss of a third of the anterior arch width in prepubertal children and adolescents treated with rapid palatal expansion (RPE).
The main indication of SARPE and TPD is a transverse maxillary deficiency of over 5 mm in an adult. The reported recurrence after SARME ranges between 4% and 50% [19] . It is difficult to determine the origin of such huge discrepancies in the literature. A theory has been proposed to explain the mechanism of recurrence after maxillary constriction treatment with RME and SARME. It was postulated that the mechanical strength of orthodontic appliances used for maxillary expansion is insufficient to overcome the forces generated by the facial muscles and soft tissue, whose aim is to restore the baseline anatomical relationships [28, 35, 36] . Nevertheless, the transpalatal distraction (TPD) used for treatment of maxillary constriction does not seem to support the above theory. Using a transpalatal distractor for maxillary expansion, Matteini and Mommaerts [36] did not observe recurring maxillary constriction and maxillary transverse dimension loss after treatment. Zahl and Gerlach [37] shared these observations and did not recommend overcorrection for transpalatal distraction, as they did not observe recurrence in their patients after TPD.
It also seems that in many cases the recurrence is caused primarily by the unstable occlusal relationships after the treatment has been completed [17, 38, 39] .
Conclusions
The choice of the appropriate treatment approach in transverse maxillary deficiency should be strictly based on patient's age, skills and expertise of the therapeutic team as well as patient's expectations.
Orthodontic treatment should be considered in patients at the developmental age, whereas surgery is intended for patients with confirmed skeletal maturity.
Midpalatal suture expansion with the increase of the maxillary bone base results in an improved occlusion and facial aesthetic appearance. Additionally, it affects the ENT aspects, including improved nose breathing in treated individuals.
